ABSTRACT: Blood sample and carcass trait data were collected from 841 and 3,219 fattening animals of an F 1 cross between Japanese Black sires and Holstein dams, respectively. Data on serum vitamin A and total cholesterol concentrations containing 582 to 739 records at 4 stages of beef-fattening production were used to estimate variance components and heritabilities for the 2 traits, based on fattening periods: less than 13 mo of age (stage 1), 14 to 18 mo of age (stage 2), 19 to 21 mo of age (stage 3), and greater than 22 mo of age (stage 4). Furthermore, the genetic correlations of serum vitamin A and total cholesterol concentrations with beef marbling standards, carcass weight, ribeye area, rib thickness, and subcutaneous fat thickness were estimated. The heritability estimates of serum vitamin A concentration were consistently and drastically decreased from 0.37 ± 0.15 to 0.07 ± 0.07 from stages 1 to 4 because of considerable decreases in sire variances, whereas the residual variances remained large and 
INTRODUCTION
In Japan, because marbling is the most important factor in determining beef quality, and thus both carcass and retail prices, beef breeders and producers have tried to enhance their beef marbling scores (BMS) in the Japanese carcass grading system. Many studies have been carried out to investigate the relationships between vitamin A and marbling scores and have indicated that decreased concentrations of serum vitamin A result in the production of beef with greater marbling scores (Oka et al. 1998a,b; Adachi et al. 1999; Nade et al. 2003) . Consequently, feeding a diet with decreased vitamin A (vitamin A control) is currently a common management strategy to improve marbling scores on Japanese commercial beef-fattening farms. In recent years, the relationships between decreased concentrations of vitamin A and production traits have been studied in other countries (Siebert et al., 2006; Gorocica-Buenfil et al., 2007a,b,c; Kruk et al., 2008) . However, some researchers have suggested that a decreased vitamin A concentration in blood decreases carcass weight (CWT) or daily BW gain (Perry et al., 1968; Oka et al., 1998a,b; Nade et al., 2003) and rib thickness (RT; Nade et al., 2003) . Thus, it may again be necessary to investigate the merits of such practices. In addition, Matsuzaki et al. (1997) and Ito and Hirooka (2003) reported that total cholesterol concentrations in blood were related to some carcass traits.
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and †Akabane Animal Clinic, Tahara, Aichi 441-3502, Japan trations in blood with production traits, few attempts have been made to estimate their genetic parameters or their genetic relationships by using economically important traits (Taylor et al., 1968; Rowlands et al., 1983; Sasaki et al., 2002; Watanabe et al., 2003) . The objectives of this study were to estimate the genetic parameters of serum vitamin A and total cholesterol concentrations as well as their genetic relationships with carcass traits by using crossbreds (F 1 ) between Japanese Black sires and Holstein dams.
MATERIALS AND METHODS
The data used in this study were collected from pedigree information records and of existing beef-fattening farms, as described below. Therefore, Animal Care and Use Committee approval was not obtained for this study.
Data Collection
Data from 3,518 observations of serum vitamin A concentration and 3,503 observations of total cholesterol concentration were longitudinally collected from a total of 841 crossbred (F 1 ) steers and heifers between Japanese Black sires and Holstein dams reared on 16 commercial beef-fattening farms from 2002 to 2009 in the southern part of Aichi prefecture, Japan (Table 1) . The blood samples were taken from randomly selected animals. Blood was sampled at approximately 12 mo of age and every 3 or 4 mo thereafter. Approximately 10 mL of blood was collected from the tail vein in the morning and stored at room temperature until analyzed. Serum vitamin A concentrations were measured by HPLC (Abe et al., 1979) , and serum total cholesterol concentrations were measured by the enzymatic method (Allain et al., 1974) using commercially available kits (Neo T-CHO III, Shino-test, Tokyo, Japan). The trials for the vitamin A control were done on all animals on all farms; animals were fed a feed containing less vitamin A after approximately 14 mo of age.
The fattening period was classified into 4 stages according to the formal vitamin A restriction program for F 1 cattle in the area: less than 13 mo of age (stage 1), 14 to 18 mo of age (stage 2), 19 to 21 mo of age (stage 3), and greater than 22 mo of age (stage 4). When 2 or more blood samples (repeated measurements) of an animal were taken in a stage, the measurements of serum vitamin A and total cholesterol concentrations and sampling age in days were averaged in each stage and the mean values were used as an observation.
Carcass trait data on 3,219 F 1 animals were collected from 12 commercial farms in the same area. These farms also provided blood sample data. The carcass traits considered in this study were CWT, BMS, ribeye area (REA), RT, and subcutaneous fat thickness (SFT). These carcass traits were measured and scored by expert graders from the Japanese Meat Grading Association in carcass markets. Beef marbling score was classified as 1 (poor) to 12 (abundant) according to the Japanese beef marbling standards.
Statistical Analyses
Least-squares ANOVA was carried out to identify significant effects influencing serum vitamin A and total cholesterol concentrations in each stage using the GLM procedure (SAS Inst. Inc., Cary, NC). The model used in this analysis was Y ijklm = µ + Sire i + Farm j + Sex k + BYr l + bMAge ijklm + e ijklm , [1] where Y ijklm is observation ijklm of serum vitamin A or total cholesterol concentration; µ is the population mean; Sire i is the random effect of sire i; Farm j is the fixed effect of farm j; Sex k is the fixed effect of sex k; BYr l is the fixed effect of birth year l; b is the linear partial regression coefficient; MAge ijklm is age ijklm of sampling or the mean age of sampling in days, and e ijklm is the random residual associated with observation ijklm. Variance components were estimated using AIREM-LF90 (Misztal et al., 2002 ) with the same model [1] for serum vitamin A and total cholesterol concentrations. The sire model was chosen instead of the animal model because the pedigree data for dams (Holsteins) were not available and the dams were therefore assumed to have no genetic relationships with the sires in this study. These estimates were used to calculate heritabilities of serum vitamin A and total cholesterol concentrations. Heritabilities were calculated by assuming that the additive genetic variance was 4 times the sire variance component.
Genetic and phenotypic correlations of serum vitamin A and total cholesterol concentrations with carcass traits were calculated using (co)variances estimated by the AIREMLF90 by assuming the pairwise 2-trait sire model. The model used in this analysis for carcass traits was
where Y ijklmn is measurement ijklmn; µ is the population mean; Sire i is the random effect of sire i; Farm j is the fixed effect of farm j; Sex k is the fixed effect of sex k; SY l is the fixed effect of slaughter yr l; SM m is the fixed effect of slaughter month m; b is the linear partial regression coefficient; SAge ijklmn is the slaughter age in days, and e ijklmn is the random residual associated with observation ijklmn. In these statistical analyses, data were included only from sires having at least 5 progeny and only from farms having at least 5 cattle. Table 2 shows the descriptive statistics of serum vitamin A and total cholesterol concentrations. Descriptive statistics of carcass traits are shown in Table 3 . The average mean serum vitamin A concentration decreased from 86.8 IU/dL in stage 1 to 38.9 IU/dL in stage 4. These changes in serum vitamin A concentration were similar to results in previous studies using data from commercial beef-fattening farms conducting vitamin A control (Hayashi et al., 2003; Ito and Hirooka, 2003) and fit well with the typical and preferable patterns under vitamin A control (MAFF, 2008) . The average mean serum total cholesterol concentration was 125.9 mg/dL in stage 1, and was almost stable around 149.2 to 150.0 mg/dL in the subsequent stages. These changes in serum total cholesterol concentration were in agreement with previous studies (Adachi et al., 1997; Ito and Hirooka, 2003) . Table 4 shows significant effects in each stage obtained by ANOVA. For serum vitamin A concentration, the farm was a significant source of variance throughout all stages. The sire was a significant source of variance in stages 1 to 3, but not in stage 4. Ito and Hirooka (2003) and Hayashi et al. (2003) reported that sire had significant effects on vitamin A concentrations. Using data from bull and heifer progeny of Hereford cattle under semiarid range conditions, Taylor et al. (1968) reported that sire effects on plasma vitamin A concentrations were not significant at 600 d of age and later for both sexes, whereas the sire effect was significant at 340 d of age in females. The present study agreed with the report by Taylor et al. (1968) showing that the Genetic parameters of vitamin A and total cholesterol sire effect became smaller with age. Sex effects were a significant source of variance only in stage 2. The least squares means for serum vitamin A concentration were 53.1 IU/dL for steers and 60.7 IU/dL for heifers (data not shown). Ito and Hirooka (2003) and Hayashi et al. (2003) also showed that plasma or serum vitamin A concentrations were significantly greater in heifers than in steers. Likewise, Taylor et al. (1968) reported that plasma vitamin A concentrations in Hereford cattle were consistently greater for females than males.
RESULTS AND DISCUSSION

Descriptive Statistics
Least-Squares ANOVA
For serum total cholesterol concentrations, sire and farm source were significant throughout all stages. Sex was significant except in stage 3. The least squares means of serum total cholesterol concentration were 134.7, 155.5, and 159.6 mg/dL for steers and 120.4, 145.8, and 145.4 mg/dL for heifers in stages 1, 2, and 4, respectively (data not shown). Watanabe et al. (2003) reported that sire and sex had significant effects on serum total cholesterol concentrations from blood samples collected at slaughter. Ito and Hirooka (2003) reported that age and farm had significant effects but that sire and sex did not. Table 5 presents estimates of variance components and heritabilities of serum vitamin A and total cholesterol concentrations and carcass traits. For serum vitamin A concentrations, estimated heritabilities were consistently and drastically decreased from 0.37 to 0.07 as the stages progressed. This was due to considerable decreases in sire variances despite large and stable residual variances throughout all the stages. To our knowledge, only a few studies have included a genetic analysis of vitamin A concentrations. Taylor et al. (1968) estimated the heritabilities of plasma vitamin A concentrations using Hereford cattle maintained under semiarid range conditions. They found heritabilities of 0.19 and 0.17 for males at weaning and 600 d of age, respectively, and heritabilities of 0.16, 0.13, and 0.04 for females at weaning, 340 d of age, and 710 d of age, respectively. Although heritability estimates in the present study were greater than those of Taylor et al. (1968) , the tendency toward decreasing heritabilities with age was similar. Hayashi et al. (2003) also indicated that the amounts of the decreases in vitamin A concentrations differed from those of sires under vitamin A control situations. These results indicate that the genetic influence of the sire on vitamin A concentrations in blood is moderate when cattle are young but is quite small in later periods of fattening. The reason could not be given based on these results; therefore, further research and data collection would be required.
Variance Component and Heritability Estimates
For serum total cholesterol concentrations, the estimated heritabilities were moderate to high throughout the stages (approximately 0.35 to 0.64). The estimates were within the range of several previous reports. Rowlands et al. (1983) estimated that the heritability of plasma total cholesterol concentration was 0.53 in Friesian bulls sampled from 3 to 15 mo of age. Sasaki et al. (2002) estimated the heritabilities of plasma total cholesterol concentration to be 0.28, 0.61, and 0.83 for 10 to 30 d of age, 40 to 60 d of age, and 70 to 90 d of age, respectively, in Holstein calves. Watanabe et al. (2003) also estimated the heritabilities of serum total cholesterol concentration to be 0.85 in Japanese Black cattle sampled at meat fairs. These reports suggest moderate to high heritabilities across breeds and ages.
For carcass traits, the heritability estimates were 0.40, 0.21, 0.19, 0.36, and 0.22 in CWT, BMS, REA, RT, and SFT, respectively. These results indicated that the carcass traits are heritable, and the estimates of CWT, RT, and SFT corresponded with previous studies in Japanese Black cattle (Shojo et al., 2006; Osawa et al., 2008) . Estimates of REA and BMS in the present study were less than in their reports but were greater than in the report by Abdel-Aziz et al. (2005) using Japanese Black cattle. The heritability estimate of marbling score (0.23) in Simmental cattle by Woodward et al. (1992) was in agreement with that in our study. Table 6 shows estimated genetic correlations between serum vitamin A and total cholesterol concentrations and carcass traits. To our knowledge, the current study is the first to show the genetic relationships between serum vitamin A concentration and carcass traits. A large negative genetic correlation was observed between serum vitamin A concentration and BMS in the latest stage (stage 4), whereas no genetic correlations were found in other stages. This result appears to be very important and indicates that the selection for BMS would lead to a selection of animals with low concentrations of serum vitamin A in later periods. If so, serious problems relating to vitamin A deficiency could occur more frequently as a result of selection under vitamin A control situations. In previous studies on phenotypic relationships, serum vitamin A concentrations sampled at slaughter were negatively correlated with BMS (Oka et al., 1998b) . In addition, Hayashi et al. (2003) reported that decreased plasma vitamin A concentrations in the last phase of the fattening period improved BMS. The negative phenotypic correlations between serum vitamin A concentrations and BMS in the present study agreed with the results of the former studies. Attention should be paid to the large negative genetic correlation between serum vitamin A concentration in stage 4 and BMS because this value appears to be overestimated owing to the small genetic variance of serum vitamin A concentration in stage 4 and the small number of observations for the blood sample traits; the model used to compute the genetic covariance between serum vitamin A concentration in stage 4 and BMS did not converge well, thus yielding an exceptional result and severe bias. To check this possibility, we estimated the correlations between sire breeding values derived from single-trait analysis. The estimates of the correlations of sire breeding values with serum vitamin A concentrations and BMS were −0.07, −0.12, −0.10, and −0.44 in stages 1, 2, 3, and 4, respectively. Furthermore, the approximate genetic correlations reported by several authors (Calo et al., 1973; Blanchard et al., 1983; Raheja et al., 1989) were −0.12, −0.21, −0.19, and −1.17 for stages 1, 2, 3, and 4, respectively. These larger negative correlations in stage 4 would confirm the large negative genetic correlation in the present study (Table 6) .
Genetic Correlations with Carcass Traits
The relationship between serum vitamin A concentration and marbling score has been investigated by Japanese animal nutrition research groups. Torii et al. (1996) reported that improved marbling score increased total adipogenic activity, which is negatively correlated with serum retinol concentration. This concentration is inversely correlated with beef marbling (Pyatt and Berger, 2005) . Oka et al. (1998a) Stage 1 = less than 13 mo of age; 2 = 14 to 18 mo of age; 3 = 19 to 21 mo of age; 4 = greater than 22 mo of age when blood sampling was conducted.
2 Vitamin A = serum vitamin A concentration; total cholesterol = serum total cholesterol concentration.
3 CWT = carcass weight; BMS = beef marbling standard number; REA = ribeye area; RT = rib thickness; SFT = subcutaneous fat thickness. Gorocica-Buenfil et al., 2007a,b,c; Kruk et al., 2008) . Gorocica-Buenfil et al. (2007a) found that the marbling scores of Angus-cross steers increased by approximately one-third of a grade when the steers were fed diets with decreased vitamin A (no supplemental vitamin A).
In the current study, genetic correlations between serum vitamin A concentration and CWT in stages 3 and 4 were moderate and positive. Perry et al. (1968) reported that a vitamin A-supplemented group increased daily BW gain in Hereford steers. In contrast, vitamin A-restricted cattle decreased daily BW gain (Oka et al., 1998a,b) . Okumura et al. (2006) suggested that CWT might decline if the periods of feeding diets with decreased vitamin A concentration were long.
Moderately to highly positive genetic correlations between serum vitamin A concentration and SFT were obtained throughout all the stages. This indicates that selection for decreased SFT may result in the selection of animals with decreased serum vitamin A concentrations under vitamin A control feeding. In contrast, however, Nakanishi et al. (2002) and Nade et al. (2003) reported that vitamin A restriction did not influence SFT. Nade et al. (2007) also reported the same result when using ultrasonic measurements.
Genetic correlations of serum total cholesterol concentration with CWT and RT were moderate and positive in the middle and later stages, but those with REA and SFT were consistently negative throughout all the stages. Serum total cholesterol concentration showed a moderate genetic correlation with BMS in stage 3. Watanabe et al. (2003) estimated the genetic correlations of serum total cholesterol concentrations as 0.90, 0.40, 0.20, 0.81, and 0.05 for CWT, BMS, REA, RT, and SFT, respectively, when using 1,321 Japanese Black cattle at slaughter age. Although there were large differences between the 2 studies, these results suggested that serum total cholesterol concentration could be an effective indicator of genetic relationships for CWT and RT. Matsuzaki et al. (1997) suggested, based on a phenotypic analysis, that plasma total cholesterol concentrations increased with BW in Japanese Black cattle, and Ito and Hirooka (2003) reported that serum total cholesterol concentrations from 18 to 26 mo of age were significantly correlated with CWT and RT. These relationships seem to be partly explained by the positive genetic correlations of serum total cholesterol concentrations with CWT and RT, indicating that selection for increased serum total cholesterol concentration would increase CWT and RT.
Several recent findings on genetic correlations between blood metabolites (physiological traits) and production traits have been reported. Some studies have investigated genetic correlations between IGF-I and production traits in various animal species (Davis and Simmen, 2000; Davis et al., 2003; Suzuki et al., 2004; Afolayan and Fogarty, 2008) . Using a total of 831 steers, Nkrumah et al. (2007) estimated genetic correlations between serum leptin concentration and carcass traits. Sasaki et al. (2002) estimated genetic correlations between concentrations of several plasma metabolites, including plasma total cholesterol concentration and milk production traits, in 271 Holstein cattle. Watanabe et al. (2003) estimated genetic correlations between serum total cholesterol concentration and carcass traits, as mentioned above. These reports have clarified that blood metabolites would be useful physiological traits for selection programs designed to improve production traits.
In addition, physiological traits may be useful predictors of carcass traits when blood samples are taken during the feedlot periods. This may be an attractive option for beef cattle production systems in which carcass traits are important. Further studies, especially to elucidate the relationships between these physiological traits and carcass traits more precisely by increasing the number of animals or by investigating a more rea- Vitamin A = serum vitamin A concentration; total cholesterol = serum total cholesterol concentration; CWT = carcass weight; BMS = beef marbling standard number; REA = ribeye area; RT = rib thickness; SFT = subcutaneous fat thickness; r g = genetic correlation; r p = phenotypic correlation.
2 Stage 1 = less than 13 mo of age; 2 = 14 to 18 mo of age; 3 = 19 to 21 mo of age; 4 = greater than 22 mo of age when blood sampling was conducted.
sonable division of fattening periods, would be needed to clarify the genetic relationships among them for appropriate and effective selection.
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